We report here the results of elastic incoherent neutron scattering experiments on three globular proteins (trypsin, lysozyme and β-lactoglobulin) in different pressure intervals ranging from 1 bar to 5.5 kbar. A decrease of the mean square hydrogen fluctuations, 〈u 2 〉, has been observed upon increasing pressure. Trypsin and β-lactoglobulin behave similarly while lysozyme shows much larger changes in 〈u 2 〉. This can be related to different steps in the denaturing processes and to the high propensity of lysozyme to form amyloids. Elastic incoherent neutron scattering has proven to be an effective microscopic technique for the investigation of pressure induced changes in protein flexibility.
Introduction
Conformational changes play a major role in the regulation of the function and biological activity of proteins; they affect also global folding/unfolding transitions. During denaturation, unfolding processes often lead to the formation of protein aggregates. In the past few years these aggregates have been studied in some detail since they have been found to behave as a marker in many diseases (e.g. Alzheimer's, prion, Parkinson's, lysozyme amyloidosis) [1] . Aggregation is induced by the onset of partially unfolded conformations. These intermediate states have been observed during pressure-and colddenaturation since these processes have a milder action with respect to other methods such as chemical and thermal denaturation. For instance, during lysozyme cold denaturation, intermediates with secondary or higher order structures similar to those observed in early folding process, are formed [2] .
The study of protein unfolding or aggregation pathways may become complex owing to the fact that different denaturing agents lead to different end points. Moreover, it is difficult to discriminate if a particular structural state of a protein is due to its intrinsic stabilizing factors or to the binding with the denaturant molecules. In this respect high hydrostatic pressure is a very effective tool to perturb protein conformations as documented by several authors [3] [4] [5] .
A recent investigation on the microscopic physical mechanisms promoting cold denaturation indicates that they are similar to those acting in pressure-induced denaturation. In both cases water molecules move to the interior of the protein destabilizing hydrophobic contacts and creating different solvent-separated configurations [6] .
Contrary to heat-denaturation, which is controlled by entropy increase, high-pressure denaturation is driven by a decrease in volume induced by the reduction of intra-molecular voids or to the enhancement of protein-solvent interactions [7] . In this frame hydrophobic interactions, that stabilize tertiary and quaternary protein structures, play a crucial role. Neutron elastic and inelastic scattering are very effective techniques to investigate different aspects of biomolecular dynamics; in proteins they provide a direct way to probe specific motions of the polypeptide backbone and of associated hydration water, and to measure flexibility changes connected with unfolding and aggregation. In biomolecules incoherent scattering dominates due to the high number of hydrogens present and to their large incoherent scattering cross section. Moreover the solvent contribution can be minimized using deuterated solvents since the scattering cross section of deuterium is twenty times lower than that of hydrogen. In previous neutron quasielastic Contents lists available at ScienceDirect
Biochimica et Biophysica Acta j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / l o c a t e / b b a p a p scattering (QENS) we have investigated the pressure dependence of the local internal dynamics in two monomeric globular proteins, trypsin and lysozyme, in a pressure range (1 to 1200 bar) which is well below the denaturation threshold [8, 9] . Recently further QENS studies and MD simulations on lysozyme in a similar pressure range have also been published [10] [11] [12] .
In the past few years it has been shown that incoherent elastic neutron scattering (ENS), provide information on the average hydrogen mean square fluctuations, 〈u 2 〉 that can be related to the average interatomic force constants and to the thermodynamic resilience of the molecular system [13] [14] [15] .
In this work we focus on the application of ENS to the investigation of the dynamical changes induced by high pressure on three small monomeric globular proteins: trypsin, lysozyme and β-lactoglobulin. They have all been already studied in detail by other spectroscopic techniques in the pressure range from ambient to the denaturation limit: their conformational changes turn out to be quite different, showing a complex pressure dependence. They allow us to investigate several aspects of protein behavior.
In the case of trypsin we have investigated protein flexibility in its predenaturational state. At low pressure values (below 1 kbar) the protein is still active and then, when pressure is further raised, it starts to unfold towards a stable intermediate state [16, 17] . On the contrary, in the case of lysozyme pressure immediately inactivates the protein and the partial unfolded state found at 5.5 kbar is inclined to aggregate [18, 19] . Finally for β-lactoglobulin we have studied the reversible denaturation process taking place in the range 1-1000 bar.
Materials and methods

Sample preparation
Three protein samples have been considered: trypsin (23.5 kDa) from bovine pancreas, lysozyme (14.4 kDa) and β-lactoglobulin (18.4 kDa). They were purchased from SIGMA Chemical Co in fully hydrated form and were employed without further purification. The proteins were dissolved in pure D 2 O solvent in order to exchange labile hydrogen atoms, and then lyophilized. Solution samples were obtained by dissolving the protein powder in D 2 O buffer with final concentration of 100 mg/ml (indicated as 10% solution in the following).
For the trypsin solution pD was adjusted to 3 by adding a small amount of HCl (1 mM). For lysozyme, two distinct buffers were used: a 10-mM tris buffer with a final pD = 6.0 and a 50-mM acetate buffer with a final pD = 5; in both conditions it is known that the protein keeps its monomeric structure [20] . The lysozyme total charge was around +9. For β-lactoglobulin a 50-mM tris buffer was used as well, adjusted with HCl to a final pD = 7.9. Protein solutions have been finally stirred for 10 min at 9000 r/min at 292 K.
Fluorescence and circular dicroism analysis
Circular dicroism spectra, performed in the UV region on lysozyme and trypsin solutions before and after the pressure scans, revealed that the secondary structure of the proteins was substantially unchanged and did not suffer from any modification owing to the applied pressure (data not shown).
Changes in proteins tertiary and/or quaternary structure have been also checked by fluorescence spectroscopy. Lysozyme fluorescence light scattering measurements under pressure were performed using a ISS (Champaign, IL, USA) spectrofluorometer equipped with a pressure cell as described by Paladini and Weber [21] . Right angle light scattering was measured at 520 nm with 8 nm band passes for sample excitation and light emission collection. The fluorescence spectra collected at each pressure value have been corrected measuring the scattering of buffer solution in the same condition.
The samples were thermostated at 293 K by an external bath circulator.
In the case of trypsin, we have monitored the fluorescence signal of 1-anilino-8-naphthalene-sulfonic acid (ANS, Molecular Probe, INC.), a fluorescent probe that changes its emission intensity upon binding non-covalently to protein hydrophobic regions. In this context the ANS fluorescence signal should increase upon protein aggregation.
High-pressure neutron cells
Two different experimental setups have been adopted with different high-pressure cells, one for the trypsin experiments and a second one for both lysozyme and β-lactoglobulin. In the first case the cell consists of a thin-wall stainless-steel capillary tube (inner diameter 1 mm, wall thickness 0.2 mm, measured transmission ∼83%), arranged in a concertina-like shape. A temperature control system with temperature stability ±0.5 K was used. For lysozyme and β-lactoglobulin, a high pressure system developed at the ILL within the IN13-CRG has been used. This cell, shown in Fig. 1 , is made up from a stainless steel capillary (0.5 and 1.6 mm inner and outer diameters), with a cylindrical geometry (outer diameter d = 36 mm, height H = 50 mm). Using 2.23 Å neutrons the empty cell had a measured transmission of ∼75% while the cell filled with the protein solution had a transmission of about 72%. The scattering contributions of the cell and of the buffer have been already analyzed in a previous paper [9] that reports the results a QENS experiment with a resolution similar to that of the previous one. The reader may refer to that paper for more details.
The high pressure apparatus (manufactured by Top Industrie, S.A., France) was composed by a primary pressure hand pump (max P = 700 bar), a pressure intensifier (max P = 7 kbar), pressure gauges (pressure accuracy ± 10 bar), stainless steel fittings and valves. 
Elastic neutron scattering experiments
Incoherent elastic neutron scans were performed using IN13 at the ILL (Grenoble, Fr). IN13 is a thermal (λ = 2.23 Å) backscattering spectrometer that provides a relatively high Q-range (up to about4.6 Å − 1 ) with an almost Q-independent energy resolution (ΔE ∼8 μeV, FWHM) [22] . This corresponds to a space scale of about 1-20 Å and to a time window that includes all motions slower than ∼ 80 ps. In the slab geometry, adopted in the case of the experiments on trypsin, the sample angle with respect to the incoming neutron beam was 45°. The acquisition time for each run was about 8 hours. Vanadium standard (a 2 mm thick slab and a cylindrically wrapped foil), empty cell, and pure buffer runs, were also performed for data normalization and correction. The thermodynamic conditions for the three protein solutions were the following: Two different experiments on IN13 have been performed, one for trypsin and another one for β-lactoglobulin and lysozyme.
Neutron data analysis
The elastic scattering intensities were corrected for detector efficiency using a Vanadium run, for transmission and geometry effects and for the empty cell and buffer contributions using standard ILL routines [23] . They were then normalized to the elastic scattering intensity of a "reference" sample: i.e. the same protein solution at ambient conditions: T 0 = 298 K and P 0 = 1 bar [12] .
The normalized incoherent elastic scattering intensity, I el (Q), was analyzed in the Gaussian approximation. In this frame, at Q-values below ∼ 2 A -1 , the mean square atomic fluctuations can be described in terms of a Lamb-Mössbauer like factor:
where 〈u 2 〉 represents the hydrogen mean square fluctuations (MSF) at the given T and P. With the normalization adopted for lysozyme and β-lactoglobulin, the difference mean square fluctuations Δ〈u 2 〉 (DMSF) with respect to the reference sample is directly derived from the fit as:
The use of DMSF makes it possible to evidence small relative differences in the atomic fluctuations. In the following, the slope, bx 
Results and discussion
Trypsin
Up to date, several studies have been performed on trypsin to monitor the effects of pressure on its enzymatic activity. Far beyond its denaturation limit, trypsin shows an increase of the enzymatic activity up to 600 bar at 293 K [17, 24] . Recently Ruan et al. [16, 24] have evidenced high-pressure changes in the trypsin tertiary structure: they were able to isolate a stable partly denatured state at 6.5 kbar.
As an example, in Fig. 2 the normalized elastic scattering intensities are shown vs. Q 2 for trypsin at different temperatures and pressures. From the fit of these data to Eq. 1, the mean square hydrogen fluctuations have been derived. In Fig. 3 we report the difference slope Δx 2 for trypsin at different temperatures (between 275 and 318 K) as a function of pressure (in a range between 1 and 2000 bar). We observe a similar behavior at all the investigated temperatures. The measured mean square fluctuation is constant within the experimental accuracy up to p ≈ 1300 bar. This indicates that protein flexibility is not modified appreciably in this range of temperature/pressure. This agrees with the fact that protein activity is not inhibited in this pressure range [17] . On the contrary, at p N 1300 bar a significant decrease in the MSF is observed. This suggests a loss of protein flexibility induced by a decrease in volume due to the reduction of internal cavities and voids and/or by modifications of the surrounding solvent. The synergy of high pressure and high temperature drives the protein towards a partially unfolded state, as found by Ruan et al. [16] in analogous conditions. Changes in the protein quaternary structure (i.e. aggregation) have been ruled out on the basis of the signal of the fluorescent probe ANS bound to the protein. The ANS spectra recorded form 1 to 1000 bar have very similar shape and intensity. This indicates that no appreciable aggregation occurs with increasing pressure, even though some differences may occur at the protein tertiary structure without involving changes in the molecular weight.
β-lactoglobulin
β-lactoglobulin is a quite compact protein composed essentially of a beta-barrel core. Upon increasing pressure up to 1000 bar (Fig. 4) the changes in the difference mean square fluctuations, DMSF, are similar to those observed in trypsin. This suggests that the observed effects do not depend on the tertiary structure of the protein. Moreover, following pressure release the protein mobility of the native state is re-acquired, suggesting a complete reversibility of the phenomenon. Therefore, at room temperature and in the applied pressure range, it can be concluded that the reduced mobility of the protein may be related to structural rearrangements of the hydration water shell. Upon raising pressure below the denaturation threshold we observe changes in protein flexibility that are related to the effect of applied pressure on the first/second hydration water layer (strengthening of hydrogen bond around hydrophilic sites, increase of local disorder around hydrophobic sites accompanied by a reduction of available volume for fluctuations). The picture that arises is that the "nativelike" protein upon increasing pressure, is in an environment more rigid than that at ambient pressure and consequently its fluctuations are slowed down and eventually inhibited. This effect can be compared to that of proteins in highly viscous solvents.
Lysozyme
For lysozyme the effect of pressure on two different buffers has been investigated. As in the case of trypsin and of β-lactoglobulin, for lysozyme we observe a reduction of DMSF with increasing pressure. In Figs. 5a and b the time evolution of the difference slope Δx 2 is shown for the two solutions: lysozyme + tris buffer at p = 1, 3500, 5500, 1 bar (Fig. 5a) ; lysozyme + acetate buffer at p = 1, 1000, 2000, 1 bar (Fig. 5b) . The DMSF increases by a factor of 3 in going from ambient pressure to 5.5 kbar. After releasing pressure, it decreases to a value slightly higher than that of the starting fresh solution. In this case the observed compaction, at such high pressure, may be ascribed to a compression of the hydrophobic core of the protein consisting of bulky side chains [18] . In Fig. 6 fluorescence light scattering intensity under pressure is shown for lysozyme dissolved in tris and acetate buffer, after subtraction of the buffer contribution. In the case of acetate, the large increase of the intensity with respect to tris, indicates that lysozyme is very sensitive to pressure and prone to aggregate at lower pressure values. This result correlates fairly well with the neutron scattering data reported in Fig. 5 , where we can see that the same value of the slope Δx 2 , obtained at 5.5 kbar in tris, is reached, in the case of acetate, already at 2 kbar. The fact that the slope values observed at 1 kbar for lysozyme are quite different from those of trypsin and β-lactoglobulin (Δx 2 ≈ 0.012 Å 2 for trypsin and β-lactoglobulin, and almost 3 times higher for lysozyme) support the hypothesis that the observed phenomenon is more than a simple solvent rearrangement around the protein. Furthermore, the irreversibility observed upon pressure release to 1 bar and the lack of recovery of the initial MSF value (see Fig. 5 ) can be related to conformational changes of lysozyme and to the high propensity of this partial unfolded state to form amyloids upon decompression [19] , although solvent modifications in the first hydration shell can not be excluded, as it was shown at nondenaturating pressure on lysozyme in solution.
Conclusions
Elastic incoherent neutron scattering has proven to be a sensitive tool for the investigation of the pressure dependence of protein conformational fluctuations. In high-pressure experiments, where the scattering from the cell is a relevant fraction of the total signal, ENS has some clear advantages. The elastic signal is much stronger than the inelastic and quasielastic ones enabling one to work with solutions in the 10% concentration range which are relatively close to the ones existing in cells. The contribution of the solvent is totally flat in the energy range probed by ENS, when using high resolution spectrometers (ΔE ≤ 10-15 μeV), making buffer subtraction easy. In addition even if D 2 O buffers are preferable because of a better signal to noise ratio, in principle one can work even with hydrogenous solvents i.e. in a situation closer to that of natural systems. Our results on trypsin, β-lactoglobulin and lysozyme have shown that differences in the mean square fluctuations, that can be related to different steps in the denaturing processes and to the high propensity of lysozyme to form amyloids, can be evidenced. This makes ENS a useful microscopic technique for the investigation of changes in protein flexibility and resilience induced by high pressure.
